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Abstract

A numerical calculation of the stresses associated with changes in volume during phase transitions of olivine in a descending
slab results in a double layer of high shear stress along the metastable olivine wedge in the depth range 350-460 km. Stress
in the upper layer is in-plane tensional and stress in the lower layer is down-dip compressional. The modeled stress field
agrees with observations of stress in the Tonga double seismic zone. High shear stress also exists in the slab at depths belov
the metastable wedge. This stress distribution involves down-dip compression and trench-parallel tension, which agrees with
about half of the focal mechanisms in the Tonga slab at depths of 460-690 km. The model supports the idea that at least two
possible stress release mechanisms for deep earthquakes may act in the Tonga subducting slab. One, transformational faulting
is restricted to the metastable wedge while the other one acts below the metastable wedge.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction range 350-420km. The upper seismic zone is less
seismically active in southern Tonga. The distance
A long standing question is whether a metastable between the seismic layers is about 20-40km, and
wedge of olivine is present in subducting lithosphere. the seismic layers merge into one above and below
The best indication of a metastable wedge is the ob- the double seismic region. The along strike width of
servation of hypocenters of earthquakes forming a the double seismic layer is 180-200 Kiiviens et al.,
double seismic layer in the Tong@#/iens et al., 1993)  1993) Various seismic methods based on travel times
and Izu-Bonin (lidaka and Furukawa, 19943ub- of seismic waves through the subducting slab and the
duction zones. In the Izu-Bonin, the double seismic surrounding mantle were used to support the presence
layer occurs in the depth range 300-400 km, while of a metastable wedgdidaka and Suetsugu (1992)
in northern Tonga it occurs between 380 and 460 km lidaka and Furukawa (1994and lidaka and Obara
depth and in southern Tonga it occurs in the depth (1997) andBrudzinski and Chen (200Gupport the
presence of a metastable wedge in Izu-Bonin, and
"~ Corresponding author. in Tonga, respectively, where&ollier et al. (2001)
E-mail addresses: alickaguest@yahoo.com (A. Guest), and Koper et al. (1998)and Chen and Brudzinski
schubert@ucla.edu (G. Schubert), gable@lanl.gov (C.W. Gable). (2001)deny the existence of a metastable wedge in
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northwest Pacific subduction zones, and in Tonga, is solved in the slab to determine temperature condi-

respectively. tions in the slab and locate the phase transitions in
Seismic observations in the Tonga subduction zone pressure-temperature space. Volumetric strains in the

allow for the determination of focal mechanisms, that subducting lithosphere are calculated from the den-

reflect the state of stress in the double seismic layer. sity of individual phases and the heat released or con-

The upper layer is in-plane tensional whereas the sumed in the phase changes. These strains are used as

lower layer is in-plane compression@liens et al., sources of stress in the subducting lithosphere. Dislo-

1993) The Tonga subduction zone is seismically ac- cation creep, diffusion creep and Peierls stress creep

tive from the surface to a depth of 690 km, whereas laws are included in the viscoelastic rheold@evaux

the double seismic layer is observed approximately et al., 1997, 2000; Guest et al., 2003)

in the depth range 350—-460 km. The characteristic of

Tonga seismic activity from Harvard Centroid Mo-

ment Tensor (HCMT) is that th@ axes are oriented 2. Model description

close to the down-dip direction throughout the slab

from 100 km depth to the bottom of the seismic zone.  The geometry of the subducting lithosphere is ap-

Since the double seismic layer is not observed along proximated by a two-dimensional structureiq. 1).

the whole strike of the subduction zone, focal mech- The slab of thickness ‘De’ descends into the man-

anisms from the lower layer prevail in global seismic tle with a velocityv at an angles to the horizontal

data set. Down to about 450km deptB,axes are (Table 3.

parallel to the trench an@ axes are perpendicular to The approach to the modeling is the same as in

the slab plane. Below 450 km depth, and B axes Devaux et al. (1997, 200@nd Slancova et al. (2002).

become interchangeable, which means that the mag-A short description follows.

nitude of the stresses in these directions are nearly

equal(Jiao et al., 2000)The change of focal mech- 2.1. Momentum and rheological equations

anism may be related to a change in the mechanism

of failure for deep earthquakes. Transformational  The balance of forces is expressed by the equation

faulting (related to the metastability of olivin&reen Yo

and Burnley, 1989; Kirby et al., 199Tan be active 4 f=0 i=123 1)

at depths shallower than 450 km and another failure ox;

mechanism may be active deeper than 450 km depth. whereo;; is the stress tensor anfi is the sum of the

In this paper we present a numerical model of stress pody forces acting on the slab. Theare the Cartesian
associated with mineral metastability in the subduct-

ing lithosphere. Our goals are to model the state of
stress in the subducting slab, compare it to the focal
mechanisms and seismic activity in the Tonga subduc-
tion zone, estimate whether the stress field around the
metastable wedge can produce a double seismic layer
(as it was suggested Bina (1996)andYoshioka et al.
(1997), and estimate whether the stress field below the
metastable wedge fits the seismic observations. Since
it has been found that buoyancy forces do not produce
a double shear layer along a metastable weg@yso

et al., 1985; Bina, 1997; Yoshioka et al., 199We %
focus our attention on the effects of volumetric strains
due to the change of density in the sigboto et al.,

1983, 1987; Devaux et al., 2000; Guest et al., 2008)

our model, the lithosphere is composed of olivine and

its high-pressure phases. The heat conduction equation Fig. 1. Sketch of the slab model.

Earth's surface

ydag

3
(axis is parallel to the trench)
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Table 1

Model parameters

Name Value

Velocity, v (mm per year) 100

Dip angle,s (°) 50

Gravity accelerationg (ms~2) 9.8

Thickness of the lithosphere, De (km) 95

Temperature at the base of the lithosphere, 1473 (cold¥,
Ti (K) 1723 (hot}

Adiabatic gradient in the mantle (K kn) 0.3

Slab density,o (kg m3) 3300

Specific heate, (JkgtK™1) 1.05x 10°°¢

Thermal conductivityk (Wm~1K-1) 3.46%

First-order thermal expansivityo (K1) 3x 10750

Second-order thermal expansivityy 2 x 107116

(K'tm™

aStein and Stein (1992)

b Turcotte and Schubert (1982)
¢Devaux et al. (1997)

coordinates described iRig. 1 The stresssj does

not include the hydrostatic pressure of the surrounding
mantle. The body forceg thus include the buoyancy
forces due to the difference of density between a given

rates inside the slab due to thermal expansion from
the warming of the slab and volume contraction due
to phase transitions

& = 3087 @

. 1/ ¢
Gi\j/ =-3 (é) dij (5)

In (4), « is the coefficient of thermal expansion afid

is the time derivative of the temperature for the individ-
ual lagrangian points of the model during the individ-
ual time steps. Similarly if5), p is density,Ap is the
positive density difference between the high-pressure
phase and the low-pressure phase, @nd\p) is the
time derivative of the fractional volume change of a
phase transition. We assume that the volume changes
across the phase boundaries are isotr{@imto et al.,
1983, 1985; Devaux et al., 2000parameter values
are listed inTable 2and are discussed in detail below.

2.2. Boundary conditions

point inside the slab and a point at the same depth  The boundary conditions on the bottom sidg &

far from the slab. In our calculations, we pyit =

0), on the top sidexy = De), and on the leading edge

0, because we assume that the gravitational torqueof the slab bottomi, = 0) are chosen to be stress free
applied to the slab is balanced by the lifting pressure so that only the pressure in the mantle acts on these

torque (Turcotte and Schubert, 1982fhis balance

boundaries. The top of the slab is pinned £ 0) at

sets the constant dip of the lithosphere. When the dip the trench. We used zero displacement£ 0, plane
of the lithosphere remains constant, the stress due tostrain) boundary condition in the direction parallel to
buoyancy forces is at least one order of magnitude lessthe trench axis.

than the stresses due to phase change induced volume

changesDevaux et al., 200Celastic case).

We use the constitutive relation of a Maxwell body

to describe the viscoelastic behavior

.
oij + ;(Uij - %Gkk&j)

= Kéwdij + 21 (& — %ékkaij) — Kéi}-(sij — Kéi\j/Sij,
2)
whereg;j is the time derivative of the strain tensgy
1 / ou; ou
ci==—+-—), 3
b 2<8xj+8x,-> ()

u; is the displacement of a point at timefrom its
initial position in our reference frame' is the bulk
modulus,u is the shear modulus; is the viscosity,
andsjj is the Kronecker delta%% andéi\j’ are the strain

2.3. Numerical analysis

Egs. (1)—(5)applied to a two-dimensional struc-
ture form a system of two coupled equations with un-
knownsu; anduy. The equations are solved using a
staggered-grid finite difference technigiMadariaga,
1976) with staggered:1 anduy variables. We use a
2km grid spacing in the; andx; directions. The nu-
merical code was tested against analytic solutions of
several problems (elastic deformation of a slab by its
own weight, elastic deformation of a slab in tension,
viscoelastic deformation of a uniformly loaded slab
supported on one side). We also performed a number
of numerical tests for cases with spatially-dependent
physical parameters and compared them against the
numerical results obevaux et al. (2000)
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Table 2
Elastic and creep parameters
Parameters o B y pv MgO
Molar volume, Vi, (cm® mol—1) 43.67 40.52 39.66 24.46 11.25
Density, pg (kg m™3) 3222 3473 3548 4104 358
Bulk modulus,K (GPa) 129 174 184 2614 164
Shear modulusy (GPa) 82 114 119 184 132
Thermal expansivitye (107°K-1)  3.08 2.71 2.37 1.74 3.12
Griieisen parametey; (1) 1.2% 1.3¢° 1.3% 1.96 1.5¢
Powern for dislocation creep (1) 35 3.5 3.5 3.0m 3.3
2 2 2 4

Pre-exponential coefficient for 35x 1072, 40x 10%, 40 x 102, 2.1186x 10°™ ibu(p, nHA-mn.

dislocation creepC; (Pa”s1) W (p. D w'(p. D w'(p. D 1.3811

b =2.28x10710 exp(i)
3Ko

Pre-exponential coefficient for 5.7° 7.0 7.0¢ - -

Peirls’s law,C, (101s™1)
Peierl’s stressgp (GPa) 8.8 10 10k - -
Constant,g, proportional to 31k 31 31k 20.8" 10.3'

activation energy (1)
Pressure dependenee of melting temperaliyrep) (K)

T(p) = 2171(14 2= )

¢ m(p) = ( + 2.44)

B Tm(p) = 46.38p + 183315

v Tin(p) = 46.38p + 1833159

pv Ti(p) = 26.695p + 25725'

MgO Tm(p) = —0.5392 + 52.15p

+304363°

Pre-exponential coefficient for - 2.34 2.34 - -

diffusion creep,Cs

10 ¥s Im?pal)
Activation energy for diffusionQq — 296 296 - -

(10 I mol 1)
Activation volume for diffusion,Va, — 5.33 5.33 - -

(10 mémol™ 1)
Original grain sized(0) (10°m) 1 - - - -

aJeanloz and Thompson (1983)

b Duffy and Anderson (1989)

¢ Akaogi et al. (1987)

dYusa et al. (1993)

€ Anderson and Isaak (1995)

f Sawamoto et al. (1984)

9Weidner et al. (1984)

N Yeganeh-Haeri et al. (1989)

i Akaogi et al. (1989)

I stixrude et al. (1992)

kKarato et al. (2001)

I Assumed to be the same as far

M Wright et al. (1992)

" Frost and Ashby (1982)

©Goetze and Evans (1979)

P Presnell and Walter (1993)

9 Tm(p) is linearly interpolated between two points: (I)(p) of a-olivine at pressure of to 8 reaction and (2)i(p) of perovskite
at pressure o/ to pv + MgO reaction.

"Wang (1999)

SZerr and Boehler (1994)

'Riedel and Karato (1997)
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2.4. Temperature The adiabatic temperature profile in the mantle is used
as a boundary condition on the temperature in the slab

The temperature distribution inside the slab is com- and the distribution of temperature in the oceanic litho-
puted using the heat conduction equation: sphere before subduction is used as an initial condition

(Fig. 2, Table J
aT °T  9°T _ o X1
pepmr = (E + @) + pvagT sin § + O T(xy,t =0) = (Ti — 273K) (1— D_e> + 273K (8)
(6) whereT is the temperature at the base of lithosphere
at the onset of subduction. An adiabatic temperature
in which adiabatic heating (second term on the right gradient of 0.3Kkm* was used in both tempera-
side) and latent hea®, released or absorbed during ture modelg(Turcotte and Schubert, 1982hile the
phase transitions of minerals are included (determined basal temperature was 1473K for the ‘cold’ model
by (12)). We consider the convective term to be negli- and 1723 K for the ‘hot’ mode{Stein and Stein, 1992)
gible. The specific heat at constant pressurs, js is (Fig. 2.
the time, andk is the thermal conductivity. The coef-
ficient of volume expansior is assumed to be only ~ 2.5. Pressure
a function of the deptlh
The model PREM(Dziewonski and Anderson,
o =ag—arh @) 1981)is used to convert pressure into depth.

30

T T

pv+MgO (69%+31%)

T T

(Mg sFeo 2)SiO4

25

20

15

Pressure [GPa]

10

!
500 1000 1500 2000 2500 3000
Temperature [K]

Fig. 2. Phase diagram of (MgFey2)SiOy (thin solid lines) and mantle temperature profiles (thick solid lines) used as boundary conditions

for the heat equation. Two mantle temperature models are tested. The ‘cold’ model uses 1473K as the temperature at the base of the
lithosphere. The ‘hot’ model uses 1723 K. The thickness of the lithosphere is 95km. The adiabatic gradient is 0'diK koth models.

The jumps in the temperature gradient are caused by latent heat released or consumed during phase transformations.
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2.6. Mineralogical composition £ =1— exp(—%?/ [1 — exp(—Ye(y, t))]dy)
0

The major minerals in the subducting lithosphere 9
are olivine, pyroxene and garnet and their high- . . 2
pressure equiv_alent&Ringwood, 198_2)We assume  y (5 =n/ J (f Ydrt/) — 2| dr, (10)
a simplified mineralogical composition of the sub- 0 T
ducting slab simulating phase transitions (Mg g, ) N )
Fep2)SiOs-olivine (@) toa+y, a+ 8, B, +y andy whereé¢ is t.he degre_e of transition, 8 & < 1_, lis
phases and the dissociation pfpinel to perovskite ~ the nucleation ratey is the growth rate, and is the
and magnesiowiisti@kaogi et al., 1989)This phase diameter of the reactant grain. The parameter values
sequence is simplified ta to g, y and dissociation ~ are taken fronDevaux et al. (1997)We assume that
to perovskite and magnesiowiistite, similarlykioby kinetic parameters are the same for éhi®  anda to
et al. (1996) In contrast tcKirby et al. (1996) we add y transformauon; and.that only the Gibbs free energy
the phase field + y as a univariant phase boundary change of reaction differéRubie and Ross, 1994)
(Fig. 2, because we seek to determine the minimum The free energy change for the reactions is expressed
depth where the effect of the phase change can bePY
observed. The model we use is similar to the simple g = (p — py)AV — T AS. (11)
model where puréMg),SiOz-olivine is considered;
the only difference is in the depth location of phase Wwhere the parametefy, the change of entropas
boundaries. These need to be better located since weand the change of voluma V' of appropriate phase
compare the model with seismic observations. As reactions are listed ifable 3. The g to y and
will be seen later, consideration of the+ y phase v to perovskite + magnesiowustite phase transi-
shifts the depth location of shear stress along the tions were modeled using (11). The model of the
metastable boundary to a shallower depth. The orien- stress field associated with the equilibrium phase
tation of the principal stress axes remains the same, transitions is described in detail in Slancova et al.
whereas the magnitude of the shear stress depend$2002).

on the volume of a transformed phase (e.g. 19% The latent heaDy from (6) is related to the degree
in « + y) and the viscosity of the newly transformed Of phase transitioiDevaux et al., 1997)

phase. Accordingly, the assumed composition of the ¥ (p — PO)AV

slab is adequate for the study of the stress field along L = PR (12)

the metastable wedge and its comparison with focal

mechanisms, mainly because the magnitude of the whereVp, is molar volume of a mineral phase.

stress drop during the deep earthquakes is not known.

A model that would include the complex mineral and 2.7. Elastic constants and density

chemical composition of a real slab should be studied

in the future. The values of elastic parametdtsand . and den-
We consider metastability of the to o + y and sities p at given p—T conditions are calculated from

a+7y to B phase transformations. We use the following the same equations as@®oto et al. (1983pr Devaux

kinetic relationgCahn, 1956; Rubie and Ross, 1994; et al. (2000) The parameters are listed in Slancova

Daessler et al., 1996; Devaux et al., 1997) et al. (2002).

Table 3

Thermodynamic parameters

Parameters atop atoa+y ptoy y to pv + MgO
Volume change of reactiomyV (cm® mol—1) —-3.16 —0.414 —-0.98 —2.59
Entropy change of reactiomyS (J mor1K—1) —5.02 —1.895 —-4.10 7.25
Reference pressuréy at T = 0K (GPa) 10.558 5.87 10.640 29.360

Fit to Clapeyron curve irp—T space offig. 6 in Kirby et al. (1996)
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2.8. Viscosity

We consider the dislocation creep, diffusion creep
and Peierls stress creep laws.
The relation for viscosity is:

o
T2
whereo is the square root of the second invariant of
the deviatoric stress andis a strain rate determined

as a sum of the dislocation creéprost and Ashby,
1982; Karato et al., 2001)

v

(13)

—gmT,
€1 = Cro" exp(ngm(p)) , (14)
the Peierls stress la@Karato et al., 2001)
— o T 2
ép = Czexp[gm—m(p) (1 - i) ] , (15)
T op
and the diffusion creep:
. Cso —(0Op + pVa)
3= —7 exp(?> , (16)

whereC1, C2 and C3 are the pre-exponential coeffi-
cients,gnm is a constant proportional to creep activation
energy,Tm(p) is the pressure-dependent melting tem-
perature of individual mineraléKarato et al., 2001)
op is the Peierls stresd, is the grain sizeQp is an
activation energyy; is an activation volume, andl is

259

pre-exponential factofKarato et al., 2001)We used
the same parameters asKarato et al. (2001)

We use the fraction of molar volumes in the slab:
0.9 for « and 01 for y (based on the presence of
10% of Fe in olivine) for thex 4 y stability field,
and Q7 for perovskite and @ for magnesiowdstite for
lower mantle minerals. When two phases coexist, the
parameters, K, u andé are weighted according to
the degree of phase transformatin

3. Results

Fig. 3 shows the temperature distribution and lo-
cations of phase boundaries in the slab for the ‘cold’
mantle temperature profile. In the coldest part of the
slab, about 10% of the to « + y phase transition
is transformed at 500 km depth. The phase transi-
tion is completed at 590 km depth. The+ y to 8
transition is completed at 600km depth,to y at
615 km depth, angt to perovskite+ magnesiowdistite
at 725 km depth. Grain size reduction starts during the
a toa+y phase transition at 575 km depth in the cold-
est part of the slab, and around 440 km at the edges of
a grain-size-reduction area.

Fig. 4 shows the shear stress distribution in the
subducting slab when the ‘cold’ mantle temper-
ature profile is used. The maximum shear stress
(1-1.5GPa) is concentrated along the phase bound-

the universal gas constant. Parameter values are giverary of the metastable wedge of thet y to 8 phase

in Table 2 The Peierls stress creep law is not consid-

transition and the subsequegtto y phase transi-

ered for perovskite, because it is not well known, even tion and thus creates two layers of high shear stress.
though the stress dependence of activation energy of The outside part of the wedge undergoes contraction
creep in perovskite has been repor{gtlang et al., that causes tension outside the wedge and down-dip
1993) The Peierls stress creep law is also not con- compression inside the wedge. The stress state of
sidered for magnesiowusti{€rost and Ashby, 1982)  upper layer is in-plane tension with a compression
because it cannot be used without the Peierls stressperpendicular to the slab plane. The tension occurs
creep law for perovskite. The grain size reduction and in the new phase stability field and is caused by the
subsequent grain growth was determined according volume reduction (shrinking) of the new phase. The
to Riedel and Karato (1996, 199@nd Karato et al. state of stress is more complex in the lower layer. In
(2001) The grain size reduction occurs when 10% of the depth range 380-560 km, the highest shear stress
thea phase is transformed. The grain then grows ac- is located inside the metastable wedge. The com-
cording to: pression is in a down-dip direction, middle axis (the

_H principal stress axes are called: compression, middle
dz(t) —d2(0) = ko exp(—gg>t an axis and tension) is trench parallel and tension is
RT .

perpendicular to the slab plane. In the depth range

560-615km, high shear stress is concentrated along
the metastable phase boundaries rather than inside

where dr) is grain size at time, d(0) is the original
grain size,Hyq is the activation energy ani is the
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Fig. 3. Temperature (K) distribution (gray solid lines), phase boundaries (dashed lines), and the area of grain size reduction (gray filled
area, labeled ‘gr’, and defined by solid black lines) in the subducting slab. The ‘cold’ mantle temperature profile was used to determine
the temperature distribution inside the slab. Degrees of transformation 0.1 and 0.99 are shown for all phases.

the metastable wedge. Compression is perpendicular Fig. 5 shows the temperature distribution and lo-
to the slab plane, middle axis is in a down-dip di- cation of phase boundaries in the slab for the ‘hot’
rection, and tension is parallel to the trench. Below mantle temperature profile. In the coldest part of the
615km depth, after the completion of phase transi- slab, about 10% of the to « + y phase transition
tions, the orientation of principal stress axes remains is transformed at 360km depth. The phase transi-
the same, and only the magnitude of stress decreasestion is completed at 440km depth. The+ y to 8

The shear stress below the equilibrium phase tran- transition is completed at 450km depth,to y at
sitions (herep to y) is caused by the non-uniform  465km depth, angt to perovskite+ magnesiowistite
distribution of viscosity across the slab (for details at 730 km depth. Grain size reduction starts during the
see Slancova et al., 2002). The magnitude and orien-« + y to 8 transition at 430-440 km depth.

tation of tension along the trench are caused by the Fig. 6 shows the shear stress distribution in the
boundary condition in the;z-direction. This bound- subducting slab when the ‘hot’ mantle temperature
ary condition does not allow any displacement in this profile is used. The stress field is similar to the pre-
direction while at the same time the internal strain viously discussed stress field. The maximum shear
forces the slab to shrink. Even though grain size stress (1-1.4 GPa) is concentrated inside the bottom
reduction occurs, the resulting viscosity is not low part of the metastable wedge of theéo « + y phase
enough to relax all the shear stress inside and below transition in the depth range 380-430km and along
the metastable wedge. The stress belowythe per- the phase boundaries af+ y to g and 8 to y in
ovskite + magnesiowdustite phase transition is fully the depth range 380—450 km; thus two layers of high
relaxed. shear stress exist. High shear stress is also found
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Fig. 4. Distribution of shear stress and orientation of principal stress axes in the subducting slab. The ‘cold’ mantle temperature profile
was used to determine the temperature inside the slab. The color scale represents the magnitude of shear stress. The orientation of the
principal stress axis is shown by colored dashes; black, green and magenta dashes show the orientation of compression, middle axis, and
tension, respectively. The orientation of the principal stress axis that is parallel to the trench is not plotted.

below the g to y phase transition and in the depth lar to the slab plane, the middle axis is in a down-dip
range around 450-640 kririgs. 6 and V. direction, and tension is trench parallel. The state of
The state of stress in the depth range 380-430 km is stress is occurring in the region whegetransforms
different in the two layers. In the upper layer, tension to they phase. Below 440 km depth, where th¢o
is in the plane of the slab, and compression is perpen- y equilibrium phase transition is completed, compres-
dicular to the slab plane. In the lower layer, the high- sion is in a down-dip direction, the middle axis is per-
est shear stress is inside the metastable wedge, wherg@endicular to the slab plane, and tension is parallel to
compression is in a down-dip direction, the middle the trench in both layers. The shear stress associated
axis is trench parallel and tension is perpendicular to with the equilibrium phase transitions is caused by the
the slab plane. High shear stress is also concentratednon-uniform distribution of viscosity across the slab
along the metastable phase boundafig¢. 6 and Y, Slancova et al. (2002). The central cold part of the
where compression is perpendicular to the slab plane, slab is stiffer than the warmer boundary which is more
the middle axis is oriented down-dip and tension is contracted and causes stresses in the central cold part.
parallel to the trench. Below 430 km depth, high shear The shear stress in the central part of the slab is relaxed
stress is related to the to y phase transition. In the  due to the low viscosity caused by grain size reduction
depth range 430-440 km, compression is perpendicu- (Fig. 7) and only two stripes of down-dip compression
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Fig. 5. Temperature (K) distribution (gray solid lines), phase boundaries (dashed lines), and the area of grain size reduction (gray filled
area, labeled ‘gr’, and defined by solid black lines) in the subducting slab. The ‘hot’ mantle temperature profile was used to determine the
temperature distribution inside the slab. Degrees of transformation 0.1 and 0.99 are shown.

persist on both sides of the area with reduced grain subduction zone. A double layer of high shear stress
size. The strip of the high shear stress near the center ofaligns along the phase boundaries. The upper layer can
the slab at 500 km depth decreases in magnitude to thebe characterized as in-plane tensional with either the
depth of they to perovskite+ magnesiowdstite phase tension or middle axis oriented down-dip. This agrees
transition, where its magnitude is about 500 MPa. The with observations of stress during earthquakes (events
stress below thes to perovskite+ magnesiowistite  1-4, especially 2 and 3ig. 8 where focal mecha-
phase transition is fully relaxed. nisms in the upper layer show in-plane tensjdviens
The reason the shear stress below the metastableet al., 1993) The stress in the lower layer in our model
wedge is relaxed for the ‘hot’ temperature model and is down-dip compressional with tension perpendicular
not relaxed for the ‘cold’ temperature model, is the to the slab plane, in agreement with earthquake focal
pressure dependence of the rheological law. The grain mechanisms (events 5-7, especially 5 ané&ig, 8).
sizes are very similar in both models and phase tran- We also obtained compression perpendicular to the
sitions occur along a similar temperature isoline, but slab plane, which is not observed in the lower seismic
the wedge of the metastable olivine extends to greater layer. A similar state of stress was found bgvaux
depths (and hence to higher pressure) in the ‘cold’ et al. (2000) Since the shear stress is slightly lower
model than in the ‘hot’ model. than in the upper layer, the model predicts that the
upper layer should be less seismically active than the
lower layer. When the ‘hot’ mantle temperature pro-
4. Discussion file is used, the double zone of high shear stress lies
between 380 and 440 km depth in perfect agreement
The volume reductions due to the metastable phasewith the depth range of the double seismic zone in
transitions cause a stress field that can be responsibleTonga. The upper depth limit of the double layer is
for the double seismic zones observed in the Tonga determined by the depth location of theto g phase
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Fig. 6. Distribution of shear stress and orientation of principal stress axes in the subducting slab. The ‘hot’ mantle temperature profile
was used to determine the temperature inside the slab. The color scale represents the magnitude of shear stress. The orientation of the
principal stress axis is shown by colored dashes; black, green and magenta dashes show the orientation of compression, middle axis, and
tension, respectively. The orientation of the principal stress axis that is parallel to the trench is not plotted.

transition. Our idea is to explain the occurrence of a tween the upper ends of the double seismic zones in
double seismic zone by shearing along a metastableTonga and Izu-Bonin is 50-80 km. This depth differ-
wedge. Since the double seismic zone of Izu-Bonin ence corresponds to a pressure difference of about
(300—400 km) and Tonga (350-420 and 380—460 km) 1.5 GPa. Taking into account the Clapeyron slope of
occur at different depths, we need an explanation of thea to g8 phase transformation, a change in pressure
why the metastable wedge would be located at differ- of 1.5 GPa corresponds to a change in temperature of
ent depths. The deeper end of a metastable wedge car®43 K. This is too high a temperature difference; the
be easily explained by the temperature difference in two subduction zones would differ at depths of around
the subducting slab, because the transformation rate350 km. The presence of 10% of Fe in the chemi-
of the new phase is strongly temperature dependent.cal composition of olivine shifts the phase transfor-
The temperature inside the slab can be changed bymation by 1.5 GPa to a lower depth that seems to be
changing the thickness of the slab, the lithospheric more suitable explanation for the observations of the
basal temperature or the mantle temperature profile, double seismic zones at different depths based on our
parameters that are not precisely known for an indi- analysis.

vidual subduction zone. However, the upper end of If stress is released by transformational faulting,
the metastable wedge is more problematic. A change failure occurs for degrees of transformation around
in the mantle temperature profile by 200K does not 10%(Burnley et al., 1991)and stresses would be char-
move the upper end of the metastable wedge to a dif- acterized by down-dip compression in the lower layer.
ferent depth, but moves it across the slab (horizon- Variations in the degree of transformation required for
tally, seeFigs. 3 and h The depth difference be- failure may be responsible for the fact that the double
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Fig. 7. Sketch of areas of high shear stress (black filled and transparent ovals) and their relation to the phase boundaries (dottéd lines). *
denotes a down-dip compression in the metastable wedédenotes a down-dip compression below the equilibrium phase transition,

and ‘T" denotes the in-plane tension along the phase boundaries. The area of grain size reduction is gray filled, labeled ‘gr’, and defined
by solid black lines. Degrees of transformation 0.1 and 0.99 are shown. The same temperature mo&gsassimnd 6s used.
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Fig. 8. Orientation ofP (thick dashes)B (thin dashes) and" (dashes with balls) axes in the Tonga double seismic zone projected on the
plane of the cross-section. Data are taken fidfiens et al. (1993pand depicted in the same way.
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seismic layer is observed only in some parts of the all deep seismic activity in Tonga (it is based on the
Wadati—Benioff zones. assumption that 10 cm per year is a high subduction
Model shear stresses seem to be too high in com- velocity). In the model with a ‘hot’ mantle tempera-
parison with the assumed strength of the lithosphere ture profile, the state of stress changes its character im-
(Davies, 1980)Kanamori et al. (1998)eport a stress  mediately below the metastable wedge. Compression
drop of 70 MPa during the deep Bolivia earthquake in stays oriented down-dip, but tension perpendicular to
1994, but they also show that the efficiency of deep the slab plane changes its orientation to the direction
earthquakes is low, implying that the magnitude of along the trench at a depth of around 440 l&ig( 6).
stress drop in the slab must be significantly smaller This agrees with the general character of Tonga seis-
than the magnitude of the shear stress in the slab. mic activity from HCMT solutiongJiao et al., 2000Q)
The modeled magnitude of the shear stress is depen-where theP axes are oriented down-dip throughout
dent on the volumetric straiq\j/ and viscosity. Since  the slab, butB axes are trench parallel afftlaxes are
the magnitude of volumetric strain is determined by perpendicular to the slab plane down to 450 km depth,
density, only a slower nucleation-growth rate could while below 450 km depth th® and 7T axes become
decrease the degree of phase transformation during ainterchanged. Even though our model fits only the
time step and thus the magnitude of shear stress. An-axes oriented along the trench, it represents the seis-
other way to decrease the magnitude of shear stressmic activity in the Tonga subduction zone fairly well.
is through the rheological law, for example, by con- Our model supports the idea of several possible
sidering complex mineralogy, water content, etc. A stress release mechanisms for deep earthquakes (e.g.,
coupled thermo-mechanical solution would cause a Houston et al., 1998 In the depth range of about
slower nucleation-growth rate through pressure drop 300—450 km, transformational faulting may be the ac-
during the phase transformation. Alternatively, shear tive failure mechanism, whereas deeper than 450 km,
heating would increase this rate and thus sharpenanother mechanism for deep earthquakes, e.g., dehy-
the phase boundary (a detailed discussion about thedration embrittlement, thermal shear instability, duc-
modeled magnitude of shear stress below equilibrium tile faulting, or crystallographic shear not associated
phase boundaries is given in Slancova et al., 2002). with metastability of olivine (e.gKirby et al., 1996
There are some important forces acting on the slab may release the stress.
that are not considered in this paper. One is the buoy-
ancy force which was studied yoto et al. (1985)
Bina (1997) Yoshioka et al. (1997)andDevaux etal. 5. Conclusions
(2000) Devaux et al. (20003howed that stresses due
to buoyancy forces are of the order of a hundred MPa. A double layer of high shear stress arises along
Another force that was not considered is the resis- the metastable olivine wedge in the depth range
tance force arising from the interaction of the slab with  350-460 km. The state of stress in the upper layer is
the mantlg(Yoshioka and Wortel, 1995; Vassiliou and in-plane tension and the stress state in the lower layer
Hager, 1988)The effect of this force is of the order of is down-dip compression. The modeled stress field
a hundred MPa. Since shear stresses due to the volumegrees with the stress observed in the Tonga double
changes during phase transformations are significantly seismic zone.
higher (about 500-1000 MPa), these other forces seem High shear stress also arises at depths below the
to be negligible. However, if the phase change associ- metastable wedge. It is characterized by down-dip
ated this stress would be decreased by physical effectscompression and trench-parallel tension, in agreement
not accounted for in the numerical model, then these with some of the focal mechanisms deep in the Tonga
forces may become important. subduction zone. The model suggests that at least two
The metastable wedge in numerical models does not stress release mechanisms for deep earthquakes may
reach the depth of the deepest earthquakes in Tongaact in the Tonga subducting slab. One, transforma-
even with use of the coldest possible temperature in- tional faulting, is restricted to the metastable wedge
side the slal{Devaux et al., 2000%0 transformational  and the other, not specified, acts below the metastable
faulting associated with metastability does not explain wedge.
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